The myc gene family encodes a group of transcription factors that regulate cell proliferation and differentiation. These genes are widely studied because of their importance as proto-oncogenes. Phylogenetic analyses are described here for 45 Myc protein sequences representing c-, N-, L-, S-, and B-myc genes. A gene duplication early in vertebrate evolution produced the c-myc lineage and another lineage that later gave rise to the N-and L-myc lineages by another gene duplication. Evolutionary divergence in the myc gene family corresponds closely to the known branching order of the major vertebrate groups. The patterns of sequence evolution are described for five separate highly conserved regions, and these analyses show that differential rates of sequence divergence (= mosaic evolution) have occurred among conserved motifs. Further, the closely related dimerization partner protein Max exhibits significantly less sequence variability than Myc. It is suggested that the reduced variability in max stems from natural selection acting to preserve dimerization capability with products of myc and related genes.
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Cell proliferation and differentiation are fundamental to growth, development, and evolution. Virtually all multicellular organisms go through well-regulated sequences of cell growth and differentiation during ontogeny, and these sequences have been tightly choreographed by the action of natural selection. Indeed, evolutionary changes in morphology are often keyed to genetic changes in the control of patterns of cell proliferation and differentiation (1) .
The myc family of proto-oncogenes comprises a group of transcriptional activators important in the regulation of normal cell proliferation and in the transformation and differentiation of many cell lineages (2) (3) (4) (5) . As a consequence, myc genes are an important model for understanding both the control of normal cellular activities and the evolution of essential developmental processes. Transcriptional activity in myc is apparently controlled through interaction with the related max gene (6) (7) (8) (9) (10) . The myc genes have been found in a wide variety of vertebrates, including mammals, birds, amphibians, and fish; however, to date their occurrence among invertebrates is poorly documented (11) . On the basis of its extensive distribution, myc has been estimated to be at least 600 million years old (5) .
Control of cell proliferation is highly buffered against perturbation because of its fundamental relationship to development. However, control of cell proliferation can go awry if the myc gene becomes deregulated as the result of retroviral transduction and insertional mutagenesis, chromosomal translocations, or gene amplification. When deregulation occurs, there is increased cell proliferation, impaired differentiation, and induction of a potentially preneoplastic state (12) . After this oncogenic activation, myc genes may become associated with a variety of malignant neoplasms. Thus, in addition to being a paradigm for normal cell activities, myc genes are also an important model for understanding malignant diseases (2, 4, 5, (12) (13) (14) (15) .
An extensive literature exists about many aspects of the myc gene family. However, little is known about evolutionary aspects, including the extent to which the gene sequence has been conserved during at least 600 million years of evolution, the relationships of myc to various "partner" genes, and the relative rates of evolutionary divergence among the various genes. Such information is needed to better understand the patterns of sequence change and differences in gene expression and function. Herein, we examine the molecular evolution of the myc gene family. First, we examine the patterns of genetic divergence among 45 separate amino acid sequences. Second, we describe the evolution of several highly conserved functional components of myc genes. Third, we examine evolutionary divergence in Max, a dimerization partner of Myc.
Characteristics of the myc Gene Family. The myc gene family and various associated genes (max, mad, and mxil) are all members of the basic helix-loop-helix (bHLH) family of transcription factors. Myc and associated proteins all recognize a basic DNA-binding motif (CANNTG) often referred to as an E box or enhancer box. Further, there are two highly conserved dimerization motifs. The bHLH motif located near the carboxyl terminus consists of about 50 amino acids and can be modeled as two amphipathic helices separated by a flexible "loop." It is a dimerization motif permitting multimerization with other bHLH proteins. The second conserved dimerization motif is the leucine zipper (ZIP), which generally consists of a heptad repeat of leucine residues and constituting an amphipathic a-helix or coil. The ZIP component occurs between the bHLH domain and the carboxyl terminus (5) . Simultaneous presence of both bHLH and ZIP motifs might suggest a bHLH/ZIP family of transcription factors. The evolutionary validity of such a classification is considered in another paper.
The myc family includes at least five different and genetically unlinked functional members: c-, N-, L-, S-and B-myc. The best known is c-myc, which was first identified as the cellular progenitor of the retroviral v-myc oncogene MC29 responsible for leukemia in chickens (16) . Subsequently, a strong causal link between c-myc deregulation and malignancy was established (2, 13 with significant similarity to the second and third exons of N-myc (20) and is believed to have tumor suppression abilities (5, 20) . B-myc appears to possess only the myc second exon sequence and is most similar to c-myc (15) . B-myc is expressed almost ubiquitiously, but its function is unknown (4) .
The c-, N-, and L-myc genes all have the same three-exon and two-intron structure which encodes multiple transcript species (15) . The first exon appears to have a regulatory function and plays an important role in governing oncogenic potency, possibly through transcriptional control mechanisms. Removal of the first exon/intron is associated with a dramatic increase in oncogenic potential (21) . Major polypeptide open reading frames occur in the second and third exons (4) . The amino and carboxyl ends have sequences required for transformation, transactivation, nuclear localization, DNA binding, and protein oligomerization. The myc genes code for extremely short-lived nuclear phosphoproteins which exist in different forms (15) . However, in spite of extensive research, the exact biochemical function of the Myc protein is unknown.
Max acts as a "partner" protein and dimerizes with c-, N-, and L-Myc to form a specific DNA-binding complex (12) . Max has a length of only 160 amino acids, of which approximately 80 are in the DNA-binding/dimerization domain. Max may serve as a cofactor for Myc in transcriptional activation, forming a Myc/Max hetero-oligomer that binds to CACGTG DNA sequences and activates transcription through the transcriptional activation domain contributed by Myc (7, 8) . These Myc/Max complexes then regulate genes involved in cellular growth and differentiation processes (22) . Myc apparently exerts its biological functions through association with Max, which acts as both activator and suppressor of Myc transcriptional activity (7, 23) . The interactions between Myc and Max constitute a sensitive switch controlling entry and exit from the cell cycle in response to extracellular stimuli (23) .
Phylogenetic Analyses. Amino acid sequences for 45 myc genes were initially aligned by using the CLUSTAL computer program (24) followed by manual improvement by eye. Genetic divergence among aligned sequences is expressed as pair-wise distances defined as the proportion of amino acids by which two sequences differ. The patterns of evolutionary change are described by a neighbor joining tree (25) that summarizes the interrelationships among sequences. The results were bootstrapped 500 times to provide confidence levels for the tree topology. The aligned sequences are available from W.R.A.
Evolutionary Relationships Within the myc Family. The gene tree in Fig. 1 describes the evolution of the myc gene family. A gene duplication producing two gene lineages in vertebrates probably occurred soon after the origin of the vertebrates. Because myc is found in fish, amphibians, birds, Number (2, 4, 5, 15) . Fig. 1 indicates that three separate lineages (c-, L-, and N-myc) arose very early in the evolution of this gene family and exhibit considerable genetic differentiation.
The branching order within the c-myc lineage corresponds to the known evolutionary branching patterns of the major vertebrate groups (26) : fish divergence occurs first, followed by amphibians, and finally birds and mammals. Table 1 provides a series of comparisons among major vertebrate groups, their approximate ages, and the extent of genetic divergence. Table  2 provides the regression of amino acid differences against the age in millions of years for each comparison given in Table 1 . All regression lines are fitted through the origin and involve both the number of amino acid differences and the proportion of amino acid differences (differences scaled by the length of the aligned sequence). Regression of the c-Myc data gives the equation of Y (c-Myc amino acid differences) = 0.37 (+0.007) X (age of origin in millions of years) (P < 0.001). Thus, there is 0.37 amino acid difference per million years for c-Myc.
Within primates, the order of branching of the taxa is also evolutionarily correct. Two human sequences are represented here-i.e., the normal c-myc gene and a sequence that has been oncogenically activated by a translocation involved in the genesis of Burkitt lymphoma (28) . The amino acid sequence derived from the translocated c-myc protein differs from the normal human c-Myc by 15 amino acids. However, the neighbor-joining algorithm correctly placed the two human sequences at the same node and different from chimp. The unweighted pair-group method of averages (UPGMA) algorithm on the same genetic distance matrix placed the Burkitt lymphoma sequence between marmoset and woodchuck.
Two distinct c-myc genes (c-mycl and c-myc2) occur in Xenopus, one active in oocytes and the other active in both oocytes and postgastrula embryos (29, 30) . This additional gene is hypothesized to have arisen when the genome of the ancestor of the Xenopus laevis group was duplicated (31) . The duplication of the Xenopus genome to a tetraploid level means that these organisms have two pairs of loci for each function. The amino acid sequences for the two groups of c-myc genes in Xenopus used in these analyses differ by an average of 25.6 (±0.9) residues. On the basis of albumin data, Bisbee et al. (31) The gene tree shows three groups of avian Myc proteins (Fig. 1) . The chicken c-Myc sequence is most similar to FH3 (32) and OKIO and differs from FH3 by a single amino acid difference and from OK1O by two amino acids. HBI, which was derived from MC29 (33), differs from MC29 by an average of 5 amino acids (34, 35) . The three MH2 v-Myc sequences differ from chicken c-Myc by an average of 31.6 amino acids. Within the mammalian clade, two v-Myc sequences from the cat involving the feline leukemia virus (FeLV) are included (36) together with the normal cat c-Myc. Cat c-Myc differs from these two v-Myc sequences by an average of four amino acids.
As in the case of c-myc, there are also two L-myc genes in Xenopus-i.e., L-mycl and L-myc2 genes (37) . These genes, which encode proteins that differ by 32 amino acid residues, also possibly arose with the early genomic doubling in Xenopus Regression of the number of amino acid differences is described as "Raw data," while the other comparisons are for data expressed as proportions of the entire sequence to correct for differences in sequence lengths. Proportions were computed as the number of amino acid differences divided by the total length of the sequence. Analyses of only the bHLH and ZIP motifs are described as "Motif, raw data." Regression coefficients are presented ±SD. A t statistic testing that the null hypothesis that the regression coefficient (a) is zero was rejected in each instance at P = 0.001. referred to above. There is also a second L-myc gene in humans (L-myc2), found on the X chromosome, whose amino acid sequence differs from L-Mycl by 126 residues. Human L-myc2 is thought to be a processed pseudogene and whether it is a functional gene is open to question (38) .
Evolution of Conserved Sequences. These analyses indicate at least five discrete, functionally independent domains have been highly conserved among c-, L-, and N-myc lineages. These conserved domains are separated by blocks of amino acids exhibiting considerably less similarity. Such an arrangement is consistent with the concept of a transcription factor containing separable transcriptional activation and specific DNA-binding domains (39) . Deletion of any of these conserved motifs seriously alters myc function.
Because these various highly conserved myc motifs have quite different functions, they are probably subject to different selection pressures. This raises at least two questions, including (i) do these different motifs within the same gene exhibit differing rates of evolutionary change (i.e., mosaic evolution), and (ii) do these motifs contain equivalent amounts of phylogenetic information and give equivalent estimates of phylogenetic relationships? To resolve these questions, separate analyses were carried out on the individual conserved components.
Two conserved regions are the bHLH and ZIP motifs discussed earlier. The remaining conserved motifs consist of three "Myc boxes" located in the second exon. The molecular role of the Myc boxes is obscure (40) , and even the number and composition of the boxes are not well established (5, 11, 40) . These sequences are thought to be independent sites of transcriptional activation and may be required for the transforming activity of the protein (11, 39, 41, 42) . Myc box B could be involved in transcriptional repression through interaction with factor TF-IIi (43) . Experimental manipulation of these Myc boxes suggests that they are involved in neoplastic transformation. Deletions spanning Myc box A disable but do not eliminate transforming activity (40) . The compositions of these three Myc boxes in human c-Myc (11) Separate neighbor joining trees were produced for the bHLH motif (52 amino acids), the ZIP domain (24 amino acids), and three Myc boxes (63 amino acids). Several things are evident from these trees. First, the bootstrap values indicate that the major gene lineages described in Fig. 1 (44) . Indeed, because of its simple structure, one could speculate that the ZIP motif has arisen independently in multiple unrelated genes or has evolved by modular evolution through a process similar to exon shuffling.
The three Myc boxes, on the other hand, appear to be unique. These motifs are assumed to be involved in transcriptional activation and neoplastic transformation. Employing the National Center for Biotechnology Information computer program BLAST, we used the sequence for each of the boxes as a "probe" of the nonredundant GenBank protein data base. We found no sequences closely related to any of the three Myc boxes. This suggests that these highly conserved motifs are unique to the myc gene family and are involved with some specific myc function.
Evolutionary Aspects of myc and max. The intimate association among the myc and max genes raises interesting evolutionary questions about the evolution of myc and max genes and their patterns of genetic variation. How closely related are myc, max, mad, and nuil? Our unpublished results on sequence evolution in the entire bHLH family of transcription factors suggest that the myc and max gene families share a common ancestor, as do mad and mxil. However, the two pairs of genes are more distantly related.
Within the max family, there are several instances of paralogy (Fig. 2) . One occurs where Xenopus branches off before zebrafish and out of the accepted evolutionary branching pattern for vertebrates (26) . A second instance is found in Xenopus, where two separate sequences occur that may have arisen with the previously described genome duplication. The Xenopus sequences differ at several sites, including a rather extensive set of insertions that distinguishes them from other vertebrate max sequences. Finally, a second human sequence is known that has a nine-residue insertion that has arisen from a single gene by alternative splicing (12) . Inclusion of the latter sequence does not enhance the phylogenetic analyses because the additional residues simply appear as an autapomorphy. 
